The objective of this work is to modify the wing of the Unmanned Airplane of Ecological Conservation adding wing twist in order to reduce induced drag at a design lift coefficient using a method based on the lifting-line theory, and test such modification using two different three-dimensional panel method codes. The aircraft is a small airplane designed to make daily patrols over petroleum extraction zones. A linear washout distribution between the boom and the wing tip was chosen for the ANCE wing. The optimum twist angle at a design lift coefficient was calculated, resulting in 5.4119 deg. The resultant induced drag reduction for the wing at design lift coefficient is equal to 6.425%. The panel method codes PAN AIR and CMARC were used to study the inviscid aerodynamic flowfield around the aircraft. The results show that the addition of wing twist increases the lift-drag ratio 2.03% and 1.53% respect to the original, when it is computed using PAN AIR and CMARC, respectively, assuming that the wing twist does not change the viscous drag. The lift coefficient at zero angle of attack was reduced by wing twist addition and the lift slope is independent of twist. = washout contribution to the coefficients in the infinite series solution to the lifting-line equation = planform contribution to the induced drag factor κ DL = lift-washout contribution to the induced drag factor κ Do = optimum induced drag factor κ DΩ = washout contribution to the induced drag factor Ω = twist angle Ω opt = optimum twist angle ω = normalized washout distribution function
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I. Introduction
HE Unmanned Airplane for Ecological Conservation (ANCE, for its Spanish acronym) is a small, twin-boom, pusher-propeller airplane designed to make daily patrols over petroleum extraction zones. 1, 2 The early detection of the oil leakages helps to minimize the ecological and economical damage.
This airplane has a maximum takeoff mass of 182.055 kg, capable of carrying 40 kg of payload in a hightechnology day/night camera. The pusher-propeller is powered by a 26 kW two-stroke engine. The wingspan of the vehicle is 5.187 m, with a rectangular straight wing with no twist, or dihedral of 3.13 m 2 of surface area, and a wing aspect ratio of 8.57. It is expected that the ANCE will have a cruise speed of 41.65 m/s at 2,438 m above sea level for a wing Reynolds number of 1.413×10 6 . 1,2 Early wind-tunnel tests had been carried out to date, 2 and the structure preliminary design was finished. 3 During the drag cleanup process, 3 published works 4-6 based on the Prandtl's classical lifting-line theory 7 were reviewed. These predict "(…) that a wing of any planform shape can be optimized for any given design lift coefficient to produce exactly the same induced drag as an elliptic wing with no geometric or aerodynamic twist". 4 For any given airplane configuration, the reduction of drag will increase the maximum lift-drag ratio. For subsonic propeller-driven airplanes, if (L/D) max increases, range and endurance could increase, according to the Bréguet equation. 8 In previous works, 9 ,10 the twist was applied only to an area of the wingspan of the ANCE. Figure 1 illustrates the way to apply twist only to an area of the wing in a top-view sketch of a rectangular wing. The first work described the influence of y to in the lift-drag ratio for a specific angle of attack. 9 However, in those papers, the lifting-line analysis for twisted wings and washout-optimized wings were wrongly used. The lifting-line analysis for minimizing induced drag with washout was used to calculate the induced drag and optimum twist angle for a wing that did not have an optimum twist distribution, and then it was twisted only in the region near the wingtip. These are incorrect. For these reasons, the objective of the work presented herein is to modify the wing of the airplane adding wing twist in order to reduce induced drag at a design lift coefficient using the above method based on the lifting-line theory, and then, to prove if this modification reduces the induced drag of the airplane at the design lift coefficient using two three-dimensional panel method codes.
II. Drag, Induced Drag, and Maximum Lift-Drag Ratio
The drag coefficient of a subsonic airplane is the addition of the viscous drag coefficient and the induced drag coefficient, as it is shown in Eq. (1). The viscous drag or parasite drag is the sum of the skin-friction drag and the pressure drag. The wake drag is negligible in incompressible subsonic regimes (Mach≤0.3). 
The induced drag or vortex drag depends on the lift, and it is also called drag due to lift. 11 The induced drag coefficient is equal to the product of the square lift coefficient and the lift dependent drag factor or induced drag factor. Equation (2) shows that a lift dependent drag factor is linked to the maximum lift-drag ratio. ( )
It shows that for a given airplane configuration, if the lift dependent drag factor decreases, the maximum liftdrag ratio will increase. As conclusion, the reduction in induced drag will increase the maximum lift-drag ratio.
III. Lifting-line Analysis for Untwisted and Twisted Wings
The first analytical method to predict the performance of a lifting wing was the Prandtl Lifting-line theory. 7 In subsonic incompressible flow, the comparisons between wind tunnel data and values estimated from lifting-line theory are in excellent agreement for wings of aspect ratio greater than 4. Recently published works based on lifting-line theory, 4-6 describe a solution that includes spanwise variation in wing twist. This analysis for twisted wings does not contradict the traditional lifting-line analysis for untwisted wings. When the total washout is equal to zero, it describes the classical lifting-line theory. The lift coefficient and the induced drag coefficient from a wing are expressed as
Equations (5-9) define the wing lift slope, the planform contribution to the induced drag factor, the lift-washout contribution to the induced drag factor, the washout contribution to the induced drag factor, and the washout effectiveness, respectively. The same techniques used to evaluate the Fourier coefficients in the series solution of the lifting-line equation [11] [12] [13] are used to calculate the solution of Eqs. (10) and (11). Phillips 4, 6 describes an analytical solution of the optimum value of total washout (or twist), which will result in minimum induced drag for any washout distribution and specific lift coefficient. Eq. (12) shows the optimum total washout for an untwisted wing.
A rectangular wing with a given washout distribution could be designed to operate at a given lift coefficient to produce less induced drag than that one generated by an untwisted rectangular wing with the same aspect ratio and lift coefficient.
IV. Modifying ANCE Wing with Washout for Induced Drag Reduction
The ANCE wing is a rectangular unswept wing with no twist or dihedral of 5.187 m of wingspan, 3.13 m 2 of surface area, and an aspect ratio of 8.57. The wing section is a NACA 4415 airfoil along the whole wingspan.
1,2 A linear washout distribution between the boom and the wing tip was chosen for the ANCE wing. 10 The boom is attached between wing stations 0.735 m and 0.815 m. A rectangular wing with an elliptic washout distribution produces an elliptic spanwise lift distribution, which results in uniform downwash over the wingspan and minimum possible induced drag. However, the linear washout distribution is simpler to implement than the elliptic washout distribution. First, to minimize induced drag with washout, it is necessary to compute the Fourier series coefficients a m and b m of the wing.
The value of the airfoil section lift slope was obtained by XFOIL (version 6.94), a two-dimensional panel method coupled with a boundary layer. This is an open-source program created for the design and analysis of isolated airfoils. The code uses a simple linear-vorticity stream function panel method for the inviscid formulation, and it incorporates a Karman-Tsien compressibility correction. The boundary-layer free transition occurs when an e n criterion is achieved. 14 The NACA 4415 airfoil was tested at a Reynolds number of cruise flight (1.413×10 6 ) and Mach 0. 15 1,2 at angles of attack from -12 to 22 deg in steady, incompressible, and viscous flow with free transition criteria at n = 9 and 140 panels around the section. No roughness effects were considered on the surface.
Equations (10) and (11) were used to compute the Fourier series coefficients a m and b m , respectively. These coefficients were achieved using 99 terms in the infinite series, which means 50 of the nonzero odd terms. The wing lift slope, the planform contribution to the induced drag factor, the lift-washout contribution to the induced drag factor, the washout contribution to the induced drag factor, and the washout effectiveness were estimated using Eqs. 
V. Aerodynamic Analysis Methods
The panel method codes PAN AIR (version A502i) 15 and CMARC (version 6.6.0) 16 were used to study the inviscid aerodynamic flowfield around the aircraft wing and the ANCE. PAN AIR is a high-order panel method code capable of calculating a variety of boundary value problems in steady subsonic or supersonic inviscid flow solving the classic three-dimensional Prandtl-Glauert equation for linearized compressible flow. 15, 17 CMARC is a low-order panel method code that solves inviscid, irrotational and incompressible flow by the Laplace equation in steady and unsteady incompressible subsonic flow. 16, 18 This is an improved version of the Panel Method Ames Research Center (PMARC) program, version 12. 16 These codes are capable of analyzing the entire fluid flowfield around a three-dimensional arbitrary configuration. 15, 16 In both codes, the aircraft arrangement is represented by a distribution of singularities: for PAN AIR, linear source and quadratic double, and for CMARC, constant sources and constant double. 12 The singularity strengths are assumed constant over a panel, and they are determined by solving the appropriate boundary condition equations. The Dirichlet boundary condition is usually used by both codes, [15] [16] [17] [18] but PAN AIR could use the Neumann condition on some selected areas.
12 Wakes are shed from the trailing edges of wings. These are rigid in both codes, but CMARC is also able of using time-stepping wakes for steady and unsteady flow.
16, 18 The pressure field can then be calculated from an appropriate pressure-velocity relationship, and forces and moments calculated by pressure integration.
16-18 PAN AIR version A502i and CMARC could calculate the induced drag using the Trefftz plane analysis.
11, 15, 16 The solo wing of the ANCE was modeled and simulated using PAN AIR and CMARC in order to compare analytical and computational data. The half-span wing simulated in CMARC has 1,248 panels, and in PAN AIR it has 979. Rigid wakes were added in both cases. The CMARC geometry is formed by two patches and one rigid wake, and the PAN AIR model has five surface networks defined as indirect condition on impermeable thick surface and four wake surface networks.
Symmetrical flow condition was employed to analyze the flowfield around the ANCE. The paneled halfgeometry of the ANCE consists of 3,616 and 3,009 panels in CMARC and PAN AIR, respectively. The camera, landing gear, and the engine were not included in the paneled geometries because forces and moments produced by these components could be considered insignificant in inviscid flow. The half-geometry simulated in PAN AIR is divided in twenty-seven surface networks. Twenty-two are defined as indirect condition on impermeable thick surface (for lifting surfaces), four are defined as direct condition on impermeable thick surface (for non-lifting surface), and one as base surface condition. There are seventeen wake surface networks to perform the Kutta condition (zero vorticity at trailing-edges and body bases). The model simulated in CMARC is built by seventeen patches. Three rigid wakes were added to the trailing edges, the rear fuselage of the wing-body arrangement, and the tail assembly. Figures 2 and 3 illustrate the paneled geometries used in these analyses. Lift and induced drag coefficients were obtained at different angles of attack in steady and irrotational flow, and for PAN AIR, the flow was set equal to 0.15 Mach.
VI. Results and Discussion

A. Aerodynamic Analysis Method Verification
The analytical data obtained of the wing without and with twist were used to verify the data computed using PAN AIR and CMARC. First, the way to apply the twist on the ANCE wing was defined. The previous estimated optimum twist was applied in a linear washout distribution on the wing through a local deflection that occupies 20% of the chord. The idea is to produce as little structural modifications as possible, because the wing structural design describes a secondary spar located at 80% of the chord. 2 Successively, to estimate the value of the deflection, the NACA 4415 airfoil was tested with flap up, which occupied 20% of the chord at different angles of deflection. This was performed until one of the angles of deflection generated the same lift of the airfoil at optimum twist angle without changing the angle of attack. If the angle of incidence on the wing root is 2.37 deg and the resultant twist angle is 5.4119 deg, the wing-tip angle must be -3.04 deg, according to the difference of the incidence angle in the root, and the tip angle is the twist angle. After conducting a number of tests, run at different angles of deflection, this results equal to -10.2 deg. The flow conditions in each simulation were Reynolds number equal to 1.413×10 6 and Mach 0.15. Figure 4 shows the lift coefficient curve of the NACA 4415 airfoil and of the same airfoil with a flap deflection angle of -10.2 deg at 20% of the chord. Figure 5 and Table 1 present comparisons among the data obtained using PAN AIR, CMARC and those estimated via lifting-line analysis for an untwisted and a twisted ANCE wing. A good agreement among lifting-line analysis data and computational results for the untwisted and the twisted wing are observed. Also, a reduction of the lift coefficient at zero angle of attack between the untwisted and the twisted wing is observed, which shows that the washout increases the zero-lift angle of attack. 4 The numerical panel method code results show that the lift slope for a wing is slightly affected by washout, and the lifting-line theory predicts that the lift slope for a wing is independent of twist. Figure 5 illustrates the data obtained using the lifting-line theory, CMARC, and PAN AIR, which show that the wing with twist produces induced drag even though the wing lift coefficient is equal to zero. From a glance at Eq. (4), it can be seen that even when C L is equal to zero, if the twist angle value is different from zero, the induced drag coefficient would be higher than zero. When a twisted wing achieves a lift coefficient equal to zero, the wing still generates lift. Some spanwise regions of the wing produce positive lift, while other spanwise segments generate negative lift, and the negative lift balances positive lift so that the total lift force over the wing results zero. 4 
B. Airplane Aerodynamic Analyses Validation
Since panel methods solve the flowfield assuming non-viscous and irrotational flow, the total drag coefficient of the airplane was estimated adding the viscous drag coefficient obtained in a previous work by viscous drag buildup, 3 with the induced drag coefficient computed by each panel method code. The minimum drag may be assumed equal to the total viscous drag because the compressibility effects are negligible. The lift coefficient of the aircraft was computed using the panel methods.
The experimental data presented in Refs. 3,19 was used to validate the numerical data achieved in this paper. These data were obtained in a subsonic, closed-throat, closed-circuit, and unpressurized wind tunnel at nine different Reynolds numbers. Buoyancy, blockage, and tare and interference corrections were applied to adapt the wind-tunnel data to the free flight condition. 19 The scale-effect corrections on lift and drag were made via the Jacobs method 20 and the extrapolation method, 21 respectively, to adapt the wind-tunnel data to the cruise Reynolds number. Figures 6 and 7 and Table 2 present comparisons among the current aerodynamic analysis results and those previously estimated from wind-tunnel tests. It is observed that the numerical results agree fairly well with the windtunnel data. The induced drag factor, the Oswald efficiency factor, and the maximum lift-drag ratio are in good agreement with the values estimated by the aerodynamic analyses. The lift curve slope calculated with PAN AIR is in excellent agreement with that one obtained by wind tunnel test, but not so with those computed with CMARC. Differences of 6.42% and 4.46% are observed among the lift coefficient at zero angle of attack predicted by the PAN AIR and CMARC, respectively, and that one achieved via the wind-tunnel test. This could be due to viscous lift loss. The lift of a wing is less than the value computed on the basis of potential flow because of the presence of a boundary layer on the surface.
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C. Airplane with Wing Twist
The wing twist was applied in the airplane geometry as previously described and aerodynamic analyses were carried out using PAN AIR and CMARC. Figures 6 and 7 and Table 2 illustrate the results of the aerodynamic computations achieved by the panel method codes of an airplane with twisted wing. When the data of the airplane with no twist and those with twisted wing are compared, it is shown that the addition of wing twist increases the liftdrag ratio 2.03% and 1.53% respect to the original when it is computed with PAN AIR and CMARC, respectively, assuming that the wing twist does not change the viscous drag. The lift coefficient at zero angle of attack was reduced by wing twist addition and the lift slope is independent of twist. Figure 8 shows an axonometric view of the ANCE with twisted wing. Figure 9 presents the spanwise lift distribution of the airplane without and with twisted wing at design lift coefficient obtained using PAN AIR. It is observed that at C Ld the wing twist reduces the local lift coefficient next to the wing tip and increases it close to the wing root. Figure 10 shows the velocity field distribution on the Trefftz plane at 5 m downwash of the aerodynamic center of the airplane for the original and the modified aircraft obtained by PAN AIR at C Ld . In the figure, two vortex cores can be observed; the nearest to center line of the aircraft is produced by the tail assembly and the other one is created by the wing. When the second vortex core in Fig. 10 (a) and 10(b) are compared, it is shown that the one produced by the original airplane is larger than the one formed by the airplane with wing twist. Figures 11 and 12 illustrate the streamlines adjacent to the wing tip of the airplane with untwisted and twisted wing computed at the same lift coefficient (C Ld ) by CMARC, and graphically achieved by POSTMARC 23 (postprocessor of CMARC). The vortex formed by the twisted wing is smaller than the one produced by the wing without modification.
When the optimum twist is applied in a linear washout distribution on a portion of a rectangular wing, it produces less induced drag than a wing with no twist at the same aspect ratio and lift coefficient. The induced drag reduction for a specific lift coefficient will reduce the lift dependent drag factor, according to C Di =k·C L 2 . Then, the maximum lift-drag ratio will augment, in relation to Eq. (2). The local wing twist optimizes only the wing area where it is applied, and that is proportional to this region. 
VII. Conclusion
The work presented herein demonstrated by using two different three-dimensional panel method codes that a wing twisted in a region or portion in the manner shown in this manuscript can reduce the induced drag, and assuming that the viscous drag does not change, it will increase the lift-drag ratio of a low speed unmanned airplane. 
